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Harmful algal bloom (HAB) events have become increasingly frequent in coastal and estuarine 
regions worldwide. In addition to deterring coastal economies, HABs produce toxins that adversely affect 
humans and aquatic organisms, and the decomposition of these blooms results in hypoxic “dead zones” 
which degrade habitats. HAB formation is controlled by factors such as anthropogenic eutrophication, 
global temperature rise, and increasingly frequent hydrologically-extreme events which disrupt and alter 
estuary baseline properties such as salinity regimes. The composition and distribution of phytoplankton 
communities may become more difficult to predict as estuary baselines continue to shift. It is therefore 
necessary to understand the relationship between nutrient limitation and phytoplankton growth under 
varying hydrologic and salinity conditions. Bioassay experiments were conducted in two consecutive 
bloom years and different seasons on the Chowan River Estuary, an area impacted by eutrophication and 
annual summer cyanobacterial HABs. The phytoplankton were exposed to varying salinity and nutrient 
concentrations and analyzed for biomass accumulation, interactive effects of nutrient availability and 
salinity tolerance, and effects on class-level community composition. Salinities above 2 psu were found to 
be generally unfavorable for phytoplankton growth; however, increased nutrient availability offset this 
salinity sensitivity, allowing more growth to occur. Phytoplankton classes with higher salinity tolerance, 
particularly green algae and cyanobacteria, also exhibited a competitive advantage in nutrient uptake and 
thus showed more growth at higher salinities. Seasonally consistent trends were identified: under nutrient-
replete conditions, salinity-controlled growth was more prominent, while under nutrient stress, nutrient 
limitation determined growth. Nitrogen availability was a dominant factor in stimulating algal growth 





1.1 Algal blooms 
 
Algal blooms have become increasingly frequent in coastal and 
estuarine ecosystems worldwide in recent years. Algal blooms, or rapidly 
growing, ecosystem-destabilizing phytoplankton communities, are a 
potential threat from public health, ecosystem quality, and economic 
perspectives, as they can introduce toxins that are harmful to humans and 
aquatic organisms, create hypoxic “dead zones” that suffocate fish and 
bottom-dwelling biota, and negatively impact fishing and coastal tourism 
(Preece et. al., 2017; Anderson et. al. 2000). A global rise in harmful 
algal bloom (HAB) events in coastal and estuarine waters has occurred 
over the past several decades (Fig. 1; Anderson, 2017). Primary 
production is fundamental to all biotic spheres, and phytoplankton 
communities are integral to aquatic trophic webs. However, under certain 
environmental conditions, equilibrium destabilization can lead to 
excessive primary production and subsequently the rapid proliferation of 
harmful algal blooms.   
Figure 1. Occurrence of HAB events 
from 1970-2005. (Anderson, 2017) 
Phytoplankton are growth-limited by nutrient availability and salinity tolerance, among other interacting 
environmental factors. Key nutrients for phytoplankton growth include biologically-available nitrogen 
and phosphorus. The existing body of literature has explored salinity thresholds of various classes of 
phytoplankton to characterize phytoplankton in different estuarine zones, as well as community structure 
variations under nutrient limited conditions. Estuary-residing phytoplankton can exhibit a wide range of 
upper and lower salinity thresholds, with freshwater species tending to dominate upper estuaries and 
marine species found in lower estuaries where salinity is higher (Ahel et. al., 1996; Lionard et. al., 2005; 
Roubeix et. al., 2008). Historically, HAB mitigation efforts have focused on limiting phosphorus loads, as 
anthropogenic phosphorus sources are relatively easy to identify, and upstream freshwater systems have 
historically been shown to be P-limited (Paerl et. al., 2016). For example, after accelerated eutrophication 
in Lake Erie sparked concern, phosphorus maximum levels were implemented in the late 1980s and 
summer blooms largely declined (EPA, 2013). Yet phosphorus limitation is not a common state due to 
readily-available legacy phosphorus accumulated in sediments, and furthermore, under P-limited 
conditions, blooms of nitrogen-fixing phytoplankton (commonly cyanobacteria) can still form (Paerl et. 
al., 2016). These attributes warrant a more thorough understanding of the role of nitrogen in HAB 
formation, as well as the interaction between nutrient availability and other potentially growth-limiting 
geochemical characteristics such as salinity, and hydrologic conditions such as freshwater flushing. 
 
1.2 Hydrologic conditions are increasingly variable and extreme 
 
The global rise in HABs is driven by large-scale regime shifts associated with the planet’s rapidly 
changing climate. Anthropogenic regime shifts such as hydrologic variability (due to increased variability 
in precipitation) interact with characteristics such as nutrient loads which can result in HABs (Fig. 2). 
 
 
Figure 2. Potential interactions among 
anthropogenic drivers, changes, and 
effects on estuarine and coastal ecology 




HAB-favorable hydrologic conditions are furthermore directly facilitated by anthropogenic 
activities such as coastal- and watershed-adjacent development, which have been definitively associated 
with the eutrophication of lakes, rivers, and estuaries, leading to bloom formation along drainage basins 
and coastal zones (Fig. 1; Paerl et. al., 2018).  
Coincident with a rise in HAB events, increased hydrologic variability and more frequent and 
intense episodic events have been observed worldwide. Estimates by the European Academies Science 
Advisory Council report that extreme hydrological events have quadrupled globally since 1980 (EASAC, 
2018). Such events include floods, droughts, heavy storms, and natural disasters such as hurricanes. 
According to the Fourth US National Climate Assessment, “extreme precipitation events are projected to 
increase in a warming climate and may lead to more severe floods” (NCA4, 2018). 
One near-ubiquitous change to coastal hydrology is sea level rise. Though exact projections vary, 
there is little doubt that sea level rise will impact a vast area of developed coastline in the coming decades 
(NOAA, 2019). Sea level rise puts areas above historical reference flood levels at risk of tidal inundation 
and storm surge, leading to saltwater intrusion and a landward shift in estuarine salinity fields which in 
turn affects phytoplankton spatial distribution (Chua and Xu, 2014).  
Increased precipitation volume has been observed from cyclone and storm events for the past 
century. In coastal North Carolina, six of the seven highest precipitation events on record have occurred 
in the past 20 years (Paerl et. al., 2019). Meanwhile, drought severity in terms of persistence and area 
affected has increased, with the most persistent droughts on record in the Southwestern US occurring in 
the last decade (NOAA, 2013). The influence of hydrologically-extreme events on phytoplankton 
community dynamics is multifold: increased precipitation leading to the introduction of nutrient-rich 
runoff waters from inland agricultural and industrial areas contributes to eutrophication that stimulates 
algal blooms, while higher volumes of freshwater discharge in some regions and extended drought 
periods in others result in drastic changes to nutrient and salinity regimes throughout upper and lower 
estuary zones. 
The effect of increasingly frequent and extreme episodic events is apparent; indeed, Hurricane 
Florence deposited 8 trillion gallons of freshwater onto the southeast coast of the US in September 2018, 
resulting in a surge of nutrient-rich runoff into the coastal waters of North Carolina (Patel et. al., 2018). 
Water quality studies on the Neuse River Estuary show drastic increases in organic nutrient loading 
(primarily carbon and nitrogen) and simultaneous drops in salinity immediately following each of five 
recent major storm events affecting North Carolina – Floyd, Ernesto, Joaquin, Matthew, and Florence 
(Paerl et. al., 2019). These events play a substantial role in dictating the distribution, composition, and 
characteristics of algal blooms, and as climatic variability increases, it is ever more important to be able to 
predict the location and magnitude of blooms based on ecosystem changes.  
 
 
1.3 Rationale for study focus on Chowan River Estuary and research objectives 
 
The site of one of the first large-scale HABs in North Carolina, the Chowan River Estuary (CRE) 
has been classified as Nutrient Sensitive Waters since 1979 (NCDEQ, 2002). After nearly three decades 
without HABs, the CRE has experienced a return of summer cyanobacterial blooms each year since 2015 
(NCDEQ, 2019). The CRE is one of many environments that would benefit from the ability to predict and 
prevent HAB formation with an improved understanding of the role of nutrient limitation in controlling 
bloom magnitude and intensity. Therefore, the intention of this study is to determine nutrient limitation of 
phytoplankton in the Chowan River Estuary across seasonal hydrologic and salinity conditions. To 
accomplish this, two nutrient-salinity bioassays were conducted in consecutive bloom years and different 
seasons and observed the resulting growth and community composition of phytoplankton from the 
starting population. This was done in order to meet the following research objectives: 
(1) Characterize the interactive effects of nutrient limitation and salinity conditions on
 phytoplankton community structure and production in Summer 2019. 
(2) Compare two inter-seasonal bioassays to assess the role of nutrient limitation in
 phytoplankton production on a temporal basis. 
In contributing to the body of research on phytoplankton community dynamics, this study is 
relevant in the context of climatically-altered nutrient and salinity baselines in coastal environments. 
These results will be useful in understanding the interactions of key hydrologic parameters and their role 
in promoting or inhibiting phytoplankton growth and production, particularly regarding efforts to improve 








2.1 Study sites 
 
The Summer 2019 bioassay analysis of the Chowan River 
phytoplankton community nutrient limitation was 
conducted using surface samples collected at the Shawnee 
Trail at Arrowhead Beach on the Chowan River in Edenton, 
North Carolina (Fig. 3).  At this location, a Microcystis 
cyanobacterial bloom was reported on July 23rd, 2019, and 
between this date and the sampling date July 27th, 2019, a 
rain event occurred; however, the bloom was still plainly 
visible at sampling (NC DEQ Division of Water Resources 
Algal Bloom Report, 2019).  
Figure 3. Location of sampling site. (Google Maps, 2019) 
 
 
Field measurements from the sampling sites of the Summer 2019 bioassay and Fall 2018 bioassay are 
summarized in Table 1 in order to provide context for a temporal comparison. Results of the Summer 
2019 bioassay will be reported in full, with Fall 2018 results reported on the basis of comparison. At the 
location of the Fall 2018 bioassay, a cyanobacterial HAB was reported in June 2018; however, while 
phytoplankton were still present, the bloom was not visible at the sampling site due to the precipitation 
and subsequent freshwater flushing from Hurricane Florence (NCDEQ DWR Algal Bloom Report, 2018). 
 
Table 1. Field measurements from Summer 2019 and Fall 2018 bioassay sampling dates. 
  Summer 2019 Fall 2018 
Sampling Location Shawnee Trail at Arrowhead 
Beach on Chowan River 
Edenton Bay – Highway 17 bridge 
(20 km south of Arrowhead Beach) 
Date July 27, 2019 October 3, 2018 
Time 11:00 AM 3:00 PM 
Temp (°C) 82 88 
Secchi depth (m) 0.6 n/a 
Salinity (psu) 0.04 0.02 
Relevant information Rained prev. week; bloom 
reported on July 23 
Post-Hurricane Florence; last 
blooms reported in August 
 
2.2 Bioassay experimental design 
 
The experimental design was identical in both bioassays. The surface sample was collected in 
eight 19-Liter carboys and combined in a large tub. The sample was divided into 36 4-Liter Cubitainers®, 
comprising triplicate (3x) tests of 12 discrete treatments of salinity and nutrient ratios. The experimental 
time points were July 27th (T0), July 29th (T1), and August 1st (T2) 2019. T1 occurred after approximately 
41 hours of incubation, and T2 occurred after approximately 113 total hours of incubation. These 
Cubitainers® were incubated in the outdoor experimental pond at the UNC Institute of Marine Sciences 
(IMS) over the duration of the experiment in order to represent ambient light and temperature conditions. 
Dissolved inorganic carbon (DIC) solution (6.3 mg C L-1 final concentration) was added to each sample 
to prevent DIC-limitation. The 12 treatments are illustrated below (Fig. 4). The three salinity conditions 
included 0 psu, 2 psu, and 7 psu. These salinities were prepared by dissolving NaCl directly in the 
Cubitainers®. Within each salinity condition, 4 nutrient treatments were prepared in triplicate: a control 
treatment (C; no nutrients added), a nitrogen enriched treatment (N; 20-µM final concentration, addition 
of NO3- as potassium nitrate and NH4+ as ammonium chloride), a phosphorus enriched treatment (P; 2-
µM final concentration, addition of PO43- as potassium dihydrogen phosphate), and a combined-nutrient 
enrichment (N+P; 20-µM final N concentration, 2-µM final P concentration).  
 
Figure 4. Diagram of bioassay salinity and nutrient treatments. 
 
2.3 Analytical Methods 
 
At each timepoint, subsamples of approximately 1L were collected from each Cubitainer®. At T0 
and T2, the subsamples were analyzed for the following: dissolved inorganic nutrient (NO3-, NH4+, SiO2, 
PO43-) concentrations, carbon-nitrogen (C:N) molar ratio analysis, Chlorophyll-a (chl-a) concentration, 
diagnostic photopigment analysis by high performance liquid chromatography (HPLC), and identification 
by microscopy. At T1, only chl-a and HPLC analyses were performed. All reported results are the 
average of 3 triplicates for each treatment. 
 Dissolved nutrient concentrations were determined based on 50mL filtered water samples and 
using an autoanalyzer (Lachat Quick Chem. IV, Lachat Inc.). C:N molar ratio analysis was performed on 
100mL samples filtered onto Whatman GFF glass microfiber filters and analyzed using 2a 400 Series II 
CHN analyzer (Perkin Elmer). Chl-a concentration was determined by filtering 50mL samples onto GFF 
filters, which were frozen at -20°C, sonicated in 10 mL acetone, frozen and refiltered, and assessed for 
fluorescence using a Turner Trilogy benchtop fluorometer (Turner Designs). Diagnostic photopigment 
analysis was conducted using High Performance Liquid Chromatography (HPLC) as described by Paerl 
et. al. (2014). Statistical analyses were performed using Analysis of Variance (ANOVA) test in JMP Pro 
14. All results were analyzed for statistical significance of each nutrient treatment, each salinity treatment, 
and the nutrient-salinity interaction treatments. Post hoc tests were performed on the least squares means 
differences using Tukey’s honestly significant difference (HSD) method. P values less than 0.05 were 






3.1 Dissolved Inorganic Nutrient Concentrations 
  
Of the analyzed nutrients, significant results were most apparent in the concentrations of 
inorganic nitrogen and phosphate (Fig. 5). Inorganic nitrogen concentration was calculated based on the 





Figure 5. Top: Inorganic nitrogen concentration in each treatment at T0, T1, and T2. 
       Bottom: Phosphate concentration in each treatment at T0, T1, and T2. 
 
The T1 concentration of inorganic nitrogen was significantly higher in the N-enriched treatments 
(N and N+P) than in the non N-enriched treatments (Control [C] and P) due to experimental enrichment, 
but with increasing salinity from 0 to 7 psu, the amount of overall N remaining in the T1 samples 
increased significantly. Inorganic nutrient concentration is a growth indicator, with more growth 
expressed by more uptake and therefore lower concentrations, so higher salinity appeared to inhibit 
growth. At each salinity level, slightly less inorganic nitrogen remained in the N+P treatments than the N 
treatment, suggesting growth is stimulated by combined N+P addition. By T2, inorganic N was depleted 
in all samples. Only at 7 psu was there remaining dissolved inorganic nitrogen, and only in the N and 
N+P treatments, indicating that higher nutrient uptake and growth occurred in the lower salinity 
conditions of the N+P treatment and that nearly all of the samples had become nitrogen limited. 
The phosphate concentration was again significantly higher in the samples that received P 
enrichment; however, unlike inorganic nitrogen, none of the T2 samples were depleted of phosphorus. 
This suggested that the Chowan system is nitrogen limited. Little change in concentration occurred in the 
P-treatment over time, and variations in P-uptake only appeared where correlated with N-stimulated 
growth in N+P combined treatment. There was also a less noticeable significant difference in P 
concentrations across salinities. These results suggest that in addition to nitrogen limitation, the samples 
were nearly entirely depleted of nitrogen by T2, which may have prevented optimal phytoplankton 
growth. In the T2 samples, available P increased with increasing salinity, indicating that production and 
net phytoplankton growth in the samples generally decreased with increasing salinity. 
 
3.1.1 Temporal comparison of dissolved inorganic nitrogen concentration 
 
 Figure 6. Fall 2018 Inorganic nitrogen concentration in each treatment at T0, T1, and T2. 
 
In the Fall 2018 experiment, by T1, nitrogen was nearly depleted in all treatments except those enriched 
with N alone (Fig. 6). Even the N+P-enriched samples were nearly depleted, indicating high growth and 
low starting nutrient content in the system. At T1, nutrient-determined growth was dominant, while by 
T2, N-limitation halted growth entirely. This is in contrast with nutrient uptake in Summer 2019, which 
was salinity-determined at T1 and became dually controlled by salinity and nutrient availability by T2 
under nutrient-limited conditions. The freshwater discharge preceding the Fall 2018 experiment likely 




3.2 CHN Molar Ratio Analysis 
 
 The C:N molar ratio is indicative of the phytoplankton elemental composition. Specifically, a 
high C:N molar ratio indicates N-limitation. This analysis was done only on T2 samples. N-limitation was 
apparent by T2 at 0 and 2 psu across all nutrient treatments, and was slightly lower at 7 psu, possibly due 
to lower overall growth. The molar ratios also did not significantly change over time from T0 to T2. This 
may be due to the fact that the Chowan River Estuary is a nitrogen-limited system. The molar ratio values 




3.3 Chlorophyll-a Concentration 
 
Chlorophyll-a is a pigment present in all photosynthetic organisms and is therefore a proxy for 
phytoplankton biomass. At T1, nutrient additions had no significant effect on growth, whereas salinity 
deterred growth. With increasing salinity, chl-a concentration decreased. At T2, the opposite effect 
appeared: growth was dependent almost entirely on nutrient enrichment, not salinity. Advantages of 
nutrient enrichment, particularly nitrogen, were evident and could apparently increase salinity tolerance. 
N+P enrichment stimulation was not significant, with no significant difference between N enriched 
growth and N+P enriched growth (Fig. 7). Growth in P-enriched samples alone was no different from 
completely unenriched samples, indicating growth was controlled by nitrogen limitation.  
 
 
Figure 7. Chlorophyll-a concentration in each treatment at T0, T1, and T2. 
  
The changes in concentration of chlorophyll-a and length of incubation time were used to determine 
growth rates (Fig. 8) based on the equation: P=P0•e-rt . 
 
 
Figure 8. Hourly phytoplankton growth rates based on change in chl-a concentration over time at T1 and T2. 
 
While growth at T1 decreased markedly with salinity, growth at T2 was slight but positive, and shows N-
enriched samples were favorable for growth. Nutrient treatment appears insignificant as a determinant of 
growth at T1 compared to salinity, and at 7 psu growth rate was negative. At T2, optimal growth occurred 




3.4 Diagnostic Photopigment Analysis 
 
HPLC assessment detected the presence of 6 primary photopigments: chlorophyll-a (total 
biomass indicator), zeaxanthin and myxoxanthophyll (cyanobacteria indicators), chlorophyll-B (green 
algae indicator), fucoxanthin (diatoms indicator), and alloxanthin (cryptophytes indicator) (Paerl et. al., 
2014).  As with chlorophyll-a (sec. 3.3), indicator pigment concentrations were used as proxies for 
biomass of each phytoplankton taxonomic class. 
 
3.4.1 Phytoplankton growth rates 
 
The growth rate based on change over time in each of the individual pigment concentrations followed a 
similar pattern as that determined in section 3.3 (Fig. 9).  Growth rates at T1 represent change in 
concentration over a time span of 41 hours, while T2 shows overall growth rate considering change from 
the start of the experiment to the end, totaling 113 hours. 
 
 
Figure 9. Hourly growth rate of each class of phytoplankton based on change in associated pigment concentration 
over time at T1 and T2. Total growth in each sample is illustrated by bar size, and relative growth of each 
phytoplankton class is illustrated by the magnitude of its associated color within the bar at each treatment. 
 
General trends in Fig. 9 show that by T2, growth rates were lower in magnitude and more positive 
compared to T1. At T1, salinity determined growth more significantly than nutrient treatment. At T1, 
diatoms and cryptophytes exhibited negative growth at 2 psu, and at 7 psu, all classes except 
cyanobacteria showed strongly negative growth, indicating salinity-deterred growth. Growth rates were 
weakly positive by T2, and nitrogen enrichment appeared to induce growth. 
 
3.4.1.a Temporal comparison of phytoplankton growth rates 
 
Figure 10. Hourly growth rate of each class of phytoplankton in Fall 2018 Bioassay. 
The growth rates in the Fall 2018 bioassay, shown overall per sample and color-classified by 
phytoplankton class in Fig. 10, exhibited a different pattern than that seen in Summer 2019 (Fig. 9). 
Whereas growth at T1 in Summer 2019 was determined almost entirely by salinity, the growth at T1 in 
Fall 2018 was nutrient-determined. The effects of nutrient limitation on growth are seen by T2 in Summer 
2019, at which point nutrients were scarcer and salinity played a more minor role in growth limitation. 
Thus, a similar pattern can be observed across seasons: when nutrient stress is present in the environment, 
nutrient limitation becomes the more prevalent determinant of growth, while an abundance of nutrients (a 
condition seen only at the start of the Summer 2019 bioassay) gives way to salinity-controlled growth. 
 
3.4.2 Chlorophyll-a analysis 
 
Chlorophyll-a concentration as determined via HPLC was similar to that determined via fluorometry (sec. 
3.3), contributing to the robustness of the results (Fig. 11). 
 
 
Figure 11. Total biomass indicated by chlorophyll-a concentration in each treatment at T0, T1, and T2. 
 
At T1, the concentration of chlorophyll-a was not significantly different across nutrient treatments, but 
did significantly decline with increasing salinity (Fig. 9). By T2, nutrient availability, specifically 
nitrogen, was the most important limiting factor to growth at all salinities, and differences in growth were 
less significantly different between salinities. At T2, it is observed that more growth occurred at the 
highest salinity with N+P enrichment than at the lowest salinities with no enrichment; in other words, 
high-salinity, high-nutrient environments appear to be similarly favorable as freshwater, oligotrophic 
systems. This indicates that nutrient enrichment under nutrient-limited conditions can increase salinity 
tolerance. However, the key nutrient is evidently nitrogen; the samples enriched with phosphorus alone 
showed indistinguishable growth from the control samples at each salinity. 
 
 
3.4.2.a Temporal comparison of chlorophyll-a analysis 
 
 
Figure 12. Fall 2018 total biomass indicated by chlorophyll-a concentration in each treatment at T0, T1, and T2. 
 
Notable differences in chl-a concentrations between the two bioassays once again indicate different 
growth controls (Fig. 12). Whereas salinity determined T1 growth in Summer 2019, and nutrient-
limitation became dominant by T2, growth in Fall 2018 appears predominantly dependent on nutrients, 




3.4.3 Fucoxanthin and Alloxanthin analysis 
 
The responses of diatoms and cryptophytes to salinity and nutrient treatments were similar (Fig. 13 and 
14). Both diatom and cryptophyte growth rates were negative or close to zero at salinities above 0 psu 
(Fig. 9). Salinity sensitivity was strongly evident at T1 in both classes, while nutrient-determined growth 
emerged at T2; diatom growth was particularly confined to the N-enriched treatments and low salinity 
conditions (Fig. 13). The delay in growth of diatoms at higher salinities may indicate competitive 
disadvantage in addition to salinity intolerance). Cryptophytes exhibited higher relative growth at 2 psu 
by T2 compared to diatoms (Fig. 14). P-enrichment had little effect on growth. 
 











3.4.4 Zeaxanthin and Myxoxanthophyll analysis 
 
Cyanobacterial growth was indicated by two pigments: zeaxanthin and myxoxanthophyll. Zeaxanthin 
showed slightly higher salinity tolerance than either diatoms or cryptophytes (Fig. 15). Nutrient 
determination of growth became clearer at T2, and N-enrichment spurred the greatest growth; however, at 
higher salinities, growth was slowed enough to be nearly insignificantly different across nutrient 
treatments, so growth for cyanobacteria was jointly dictated by both nutrient availability and salinity. 
 
Figure 15. Cyanobacteria biomass as indicated by zeaxanthin concentration in each treatment at T0, T1, and T2. 
 
The pigment myxoxanthophyll is another indicator of cyanobacteria, which captures an overlapping 
subset of cyanobacteria species. While T1 growth was salinity-controlled, Myxoxanthophyll shows an 
interesting trend of successful N-enriched growth at 2 psu by T2, almost greater than T2 N-enriched 
growth at 0 psu (Fig. 16). This indicates a potential competitive advantage in nutrient uptake and salinity 
tolerance, particularly when enriched with nitrogen; but this tolerance declined at salinities of 7 psu. 
 
Figure 16. Cyanobacteria biomass indicated by myxoxanthophyll concentration in each treatment at T0, T1, and T2. 
3.4.5 Chlorophyll-b analysis 
 
A different pattern emerged in the case of green algae, indicated by chlorophyll-b (Fig. 17). Again, the 
highest production occurred in the nitrogen-enriched treatments, and at T1, salinity limitations on growth 
were more significant than nutrient additions. But contrary to the general trend of salinity sensitivity seen 
for diatoms and cryptophytes, the highest growth of green algae occurred at 2 psu, and the lowest growth 
occurred at 0 psu. Green algae experienced the most growth at 7 psu of all phytoplankton classes. This 
may be an indication that green algae have a higher salinity tolerance, giving this class an advantage in 
terms of nutrient uptake to a certain extent. 
 
 












Results of the Summer 2019 bioassay and the inter-seasonal experimental comparison indicate 
the existence of seasonally-consistent nutrient availability trends. The CRE appears to be a nitrogen-
limited system during the phytoplankton growth period. This is indicated by the significantly higher 
growth in the N-enriched treatments, a pattern observed in the chlorophyll-a fluorometric measurements 
as well as in HPLC photopigment analyses. It is further supported by the depletion of inorganic nitrogen 
within the timeframe of both bioassays and the correspondence of the bioassay C:N molar ratio values 
with those of known nitrogen-depleted phytoplankton. Phosphorus enrichment played a larger role in 
stimulating growth during Fall 2018; this experiment took place shortly after Hurricane Florence, and 
while precipitation events result in coastal eutrophication, the upstream sampling site of the Chowan 
River Estuary was likely flushed due to precipitation and thus oligotrophic by the time of sampling after 
the initial nutrient input from runoff. It is also important to note that over the short timeframe of the 
experiments, not all possibilities were able to be observed or analyzed, such as the potential for N2-fixing 
cyanobacterial genera, stimulated by P additions, to become a significant part of the community and 
offset some demand for bioavailable nitrogen. However, in both bioassays, nitrogen remained the growth-
limiting nutrient.  
The salinity limitation on growth of phytoplankton was evident; overall growth occurred mostly 
at 0 psu and was hindered by salinities above 2 psu, with particular hindering effects on the growth of 
diatoms and cryptophytes. Green algae and cyanobacteria had higher resistance to higher salinity 
conditions, and this competitive advantage allowed these two classes to grow at a broader range of 
salinities. Within phytoplankton classes, various species have different salinity tolerance thresholds, 
resulting in potential changes to species composition within these classes and to the phytoplankton 
community structure as a whole; for example, freshwater diatoms and coastal diatoms have different 
salinity ranges and despite being of the same class, cannot typically survive in the environments of the 
other (Roubeix et. al., 2008). Species with more tolerance for broader ranges of salinities have a survival 
advantage as salinity fluctuates. However, in the CRE experiment, total phytoplankton biomass declined 
with increasing salinity. This is consistent with the freshwater preference of the CRE phytoplankton 
community, and indicates that the observed increasing salinity tolerance thresholds of certain classes may 
suggest future shifts in the total phytoplankton community towards species that are adapted for marine 
environments and can thus occupy downstream estuaries such as Albemarle Sound. Indeed, the salinity 
tolerance of phytoplankton influences their spatial distribution in estuaries (Lionard et. al., 2005). 
Coincident with the potential shift in CRE phytoplankton community composition towards salinity-
tolerant species, changes to physical salinity regimes due to increasing global hydrologic variability may 
affect phytoplankton spatial ranges in unprecedented ways. 
 Growth is controlled dually by nutrient availability and salinity levels. The presence of abundant 
nutrients led to an emphasis on the role of salinity thresholds in limiting phytoplankton growth; 
conversely, under low-nutrient conditions, phytoplankton growth was unfavorable, even in freshwater. 
Furthermore, nutrient abundance had the effect of increasing salinity tolerance and spurring growth at 
higher salinities. While salinity and nutrient availability mutually interact in controlling phytoplankton 
growth, phytoplankton communities and blooms are dictated both spatially and in terms of magnitude by 
the availability of nutrients. Hydrologically extreme events have the capacity to alter both nutrient 
concentrations and salinity regimes. Freshwater inputs over land areas freshen estuaries, while runoff 
waters from these events bring anthropogenic nutrient-rich materials and organic matter into coastal 
waters, potentially resulting in eutrophication and hypoxia (Peierls et. al., 2003), which enhances internal 
phosphorus release from sediments. A shift towards salinity-tolerant species of cyanobacteria suggests the 
potential for marine bloom-forming species of phytoplankton to become more dominant in systems higher 
in nutrients and salinity, which may become more common as increasing hydrologic variability drives 
changes to coastal and estuarine ecosystem equilibriums as a result of sea level rise, extended droughts, 
and increased nutrient inputs from higher-precipitation storms. 
Ultimately, across seasons, years, and hydrologic conditions, it can be concluded that N and P 
enrichment from human activities in the vicinity of the Chowan River watershed may result in increased 
phytoplankton production. This is consistent with past bioassays on adjacent waters, and even globally; in 
the Neuse River Estuary, N+P enrichment and nitrogen-enrichment experiments resulted in the highest 
phytoplankton production (Paerl et. al., 1995), while a study of 20 whole-lake experiments also indicated 
that growth was most induced by N+P inputs (Paerl et. al., 2016). The Chowan River has been classified 
as Nutrient-Sensitive Waters (NSW) since 1979 by the North Carolina Division of Water Quality due to 
the occurrence of fish kills and algal blooms, frequently exceeding the state’s 40 µg L-1 chl-a standard 
(Powell, 2018). The return of these bloom events in 2015 after decades of absence suggests a recent 
increase in eutrophication, and the continued introduction of nitrogen to the system clearly has the 
potential to spur growth of phytoplankton across hydrologic and salinity conditions. Blooms of 
phytoplankton and their associated ecosystem quality degradation may occur in areas not previously 
known for HAB formation as a result of eutrophication, changing salinity regimes, and adaptation of 








 In light of shifting hydrologic paradigms influencing nutrient concentrations and salinity 
baselines in estuarine regions worldwide, predicting how specific changes will affect phytoplankton 
populations is vital for maintaining acceptable water quality and preventing habitat and ecosystem 
degradation. In the case of the CRE phytoplankton, nutrient availability continues to play a major role in 
driving or preventing phytoplankton growth in a variety of hydrologic and salinity conditions. Despite the 
role of salinity in deterring freshwater phytoplankton growth, a shift toward marine phytoplankton 
communities or salinity-tolerant species may occur coincident with shifting salinity baselines and 
intensified eutrophication such that bloom frequency continues to rise. Nutrient availability in the CRE is 
the primary factor controlling algal growth. Therefore, it should be a priority to reduce anthropogenic 
nitrogen loading to this nitrogen-sensitive estuary. Monitoring salinities and predicting changes to salinity 
ranges in estuaries based on a global increase in hydrologic variability should also be continued in order 
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